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9 Abstract — The current development trend in the railway field has led to an ever increasing interest for the energetic
10 optimization of railway systems (especially considering the braking phases), with a strong attention to the mutual
11 interactions between the loads represented by railway vehicles and the electrical infrastructure, including all the sub-
12 systems related to distribution and smart energy management such as energy storage systems. In this research work, the
13 authors developed an innovative coupled modelling approach suitable for the analysis of the energetic optimization of
14 railway systems and based on the use of the new object oriented language Matlab-Simscape™, which presents several
15 advantages with respect to conventional modelling tools. The proposed model has been validated considering an Italian
16 Direct Current High-speed line and the High-speed train ETR 1000. Furthermore, the model has been used to perform
17 an efficiency analysis, considering the use of energy storage devices. The results obtained with the developed model show

18 that the use of energy recovery systems in high-speed railway can provide great opportunities of energy savings.

19 I.  INTRODUCTION
20 A. Energy and Railway Transportation Free Markets and Their Role in a New Green Revolution

21 Global Warming and more in general the issues related to pollution are enforcing a growing interest to the increase of efficiency of

22 transportations systems [1], which still represent in Europe and in all industrial countries about 30% of CO, pollution sources. This

http://dx.doi.org/10.1016/j.enconman.2016.10.011
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situation has been investigated by both the Europe Environment Office [2] and the Association of American Railroads [3]; furthermore,
Fridell et al. [4] performed a number of experimental tests and found out that, in the railway sector, a significant part of emissions is
due to mechanical braking. Railway transportation represents the most efficient technology in terms of pollution and energetic
efficiency, but the continuous technological improvements accomplished by its competitors (i.e. ground and air vehicles) are reducing
this gap. Furthermore, the current market growth for high-speed and freight sectors in industrialized countries with high population
densities would be strongly enhanced by the improvement of the efficiency of the system.

Another important aspect, which is pushing towards a strong energy optimization of the railway system, is the liberalization process of
both energy and transportation markets: this process is stimulating all the stakeholders in the railway sector (i.e. energy infrastructures
and suppliers, railway infrastructures and vectors) to accurately measure and quantify energy consumptions and their costs. In particular,
the combined liberalization of both energy and railway sectors should give to the infrastructure managers the opportunity to apply
different costs to traveling trains according to the real measured energy efficiency. Furthermore, the possibility of acquiring energy
from different suppliers would allow to optimize costs with respect to the line geographic location, to seasonal factors involving the
availability of different resources and, finally, to specific requirements of railway vectors/transport manager. In this scenario, the
competition between the different subjects involved in the entire railway field and the need to respect interoperability issues established
by the European Railway Agency in the Technical Specifications for interoperability (TSI) [5], will further stimulate the optimization
of train energy consumptions, as reported in the analysis of different methods to improve railway energy efficiency performed by

Douglas et al. [6].
Regenerative Braking and Energy Storage Systems: State of the Art and Literature Review

In modern railways, aside from the classic considerations that should be made concerning the traction systems and the electrical line,
one of the greatest source of energy savings is the use of regenerative braking (see Bartlomiejczyk and Potom [7], who investigated the
perspectives of braking energy recovery within urban electrified transports like tramways); in particular, the growing diffusion of trains
with distributed traction systems has drastically increased the percentage of energy that can be recovered during the train braking phase.
Using regenerative braking instead of the classical dissipative braking allows to convert a relevant part of the train kinetic energy in
electric power, without dissipating it over the pneumatic brakes friction surfaces, with another important advantage in terms of brake
maintenance costs. Furthermore, the reduced wear and prolonged life of pneumatic brake pads and discs can produce significant benefits

in terms of pollution, since the brakes wear produce solid particles and contaminants whose impact on the environment is still a matter
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of monitoring and research: Abbasi et al. [8] analysed the particles due to brake wear and proposed a comparison index to identify their
impact, Gehrig et al. [9] performed experimental tests in a Switzerland railway node and Salma et al. [10] performed their experimental
analyses on polluting particles near Budapest.

The application of regenerative braking involve the availability of a load or a storage device (whose performances in electric vehicles
have been investigated by Marr et al. [11]) able to manage the energy recovered from the braking phase of the train: Hillmansen et al.
[12] found that a significant percentage of the railway energy consumption could be saved using proper storage devices.

The peak power W, that has to be managed during regenerative braking is roughly proportional to the maximum speed reached by

the train before braking X&

max °’

to the deceleration of the train during the braking phase % and to the train equivalent inertia 772, which
takes into account also the contributions to kinetic energy due to motors, gearboxes, axles, wheels and brake discs.

On the other hand, the mean power W, that can be regenerated depends on the kinetic energy of the train mi,&n . and on the braking

occurrence f; (i.e. defined as the number of braking events with respect to traveling time). On tramways and light urban railways, the
vehicles traveling speed and equivalent inertia are much smaller with respect to high-speed trains, but the braking frequency f} is much
higher: therefore, the mean regenerated power Wiea, is relatively high with respect to the peak power W, For this reason, the power
management of regenerative braking is typically easier on tramways, metro and light urban railways with respect to high-speed lines.
Furthermore, the length of metro and tramway lines is typically lower than conventional lines: hence it is easier to implement customized
innovative solutions (e.g. the synchronization of trains accelerations and decelerations, investigated by Pefia-Alcaraz et al. [13]).
Consequently, the application of energy storage systems on metro, tramways and more in general on light railway systems has been
widely recognized as an important opportunity for energy optimization and has been extensively investigated by different authors, while
the application of energy recovery systems in high-speed trains is still an open research field: Falvo et al. analysed the energy efficiency
of a metro system, comparing a Spanish and an Italian line [14] and Gonzalez-Gil et al. [15] investigated the most important energy
savings possibilities in urban railway.
Research works available in literature can be typically classified as follows:
» Energy storage systems location: energy storage systems can be stationary or installed on board the vehicle. Barrero et al. [16]
investigated the advantages and disadvantages of on-board and stationary energy storage devices, using a simulation tool to analyse
the metro line of Brussels, while Teymourfar et al. [17] investigated the use of stationary supercapacitors within the Tehran metro

network. The on-board configuration allows to reduce electrical line losses and assures system autonomy even with bad or
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discontinued current collection. On the other hand, stationary systems connected to the infrastructure are easier to install and
maintain, avoiding additional weights and encumbrances on vehicle, which can penalize performances and available payload for
goods and passengers.

Energy storage systems application and usage: the most typically analysed applications are tramways or metro, where energy storage
systems allow to save energy, reduce line voltage fluctuations and optimize both energy and infrastructure costs. In particular,
Teymourfar et al. [18] analysed the possibility to perform energy recovery within a metro network, Ceraolo and Lutzemberger [19],
using the Modelica™ environment, analysed and compared different configurations useful to increase the efficiency of tramways,
Barrero et al. [20] analyzed the energetic efficiency of light railways, investigated the sizing of Ultra-Capacitors for the Brussels
tramway [21] and performed an analysis on a set of on-board supercapacitors for a tram, evaluating also the effect of power converter
(Barrero et al. [22] and Van Mierlo et al. [23]), while Gonzdlez-Gil et al. [24], [25] analysed different strategies to enhance the
energetic efficiency of urban railway systems, including regenerative braking. Furthermore, lannuzzi et al. [26] proposed a technique
to optimize the sizing of ultracapacitors for light railways and Mir et al. [27] designed a supercapacitor storage system for tramways.
The shortage of research works concerning energy recovery in high-speed railway applications represents an important lack, which
should be filled in order to enhance the efficiency of the entire railway system.

Energy storage technology: Vasebi et al. [28] developed an innovative method for the calculation of batteries State Of Charge, which
is fundamental for the correct analysis of batteries behaviour; Tsang et al. [29] proposed and validated a model for the analysis of
Li-ion batteries (which are the most suitable for the use in the railway field), as well as Castano et al. [30]; on the contrary Zhu et
al. [31] analysed the use of Pb-acid batteries for energy storage purposes. Other researchers have studied batteries behaviour
considering their use together with other storage devices, like Trovdo and Antunes [32], who investigated the possibilities to use a
hybrid storage systems coupling batteries and supercapacitors, or with fuel cell-powered systems, like Guo et al. [33], who analysed
the use of batteries in a fuel cell-powered locomotive (the batteries are able to store braking energy and to cover transient energy
requests), Paladini et al. [34], who investigated the use of both on-board batteries and supercapacitors in a fuel cell-powered vehicle,
developing a Matlab-Simulink™ model (the use of Matlab-Simulink™ is typical in the analysis of this kind of systems), and
Thiounn-Guermeur [35], who developed a hybrid locomotive which uses two different storage systems. Supercapacitors are
relatively new with respect to batteries, but it is possible to find in literature many studies concerning their behaviour, like that by
Sharma and Bhatti [36], where they proposed a detailed analysis of the characteristics of supercapacitors and of their applications,

or that by Steiner et al. [37], where they analysed the use of on-board ultracapacitors. Among the many possibilities to implement
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energy storage, researchers have analysed the different performances that a device could provide in different systems; an important
work is that by Kondoh et al. [38], who performed a comparison of different energy storage systems, highlighting which technology
could better suit specific applications. Finally, for a correct use of energy storage devices it is fundamental to be aware of the
subsystems needed for their operation (see Ferndo Pires et al. [39], who analysed the power electronics devices needed by different
energy storage systems to be successfully employed in electrical systems) and also to understand the complete life cycle of the
considered device; an important analysis of this last point is provided in a work by Oliveira et al. [40], where they investigated the
environmental characteristics of energy storage devices, taking into account their whole life cycle. Current energy storage
technologies differ in terms of costs, specific energy and power densities. Therefore, the design and sizing of these systems (and of
regenerative braking systems themselves) are influenced by the adopted storage technology, especially for on-board applications

where the installation of energy storage systems is limited by interoperability issues and by weight and encumbrance constraints.

C. Application of Object Oriented Modelling Languages to Simulation Models

Most of the previously cited research works analyse (in terms of simulation, design and optimization) the use of energy storage systems

in railway applications through simulation models developed to reproduce the following aspects:

* An accurate simulation of the railway vehicle longitudinal dynamics with a particular attention to power balances, especially during
traction and braking phases.

* An electrical model of the overhead electrical line able to reproduce the effects of catenary and sub-stations equivalent impedance
according to the line topology and to the relative positions of the loads represented by traveling trains.

In order to understand the feasibility of energy storage systems, a wide variety of different simulation scenarios should be analysed;

furthermore, a high level of customization is needed to adapt models to different kind of railway vehicles, line layouts and operating

conditions. Models should adopt a parametric approach to perform a large number of simulations and customized blocks must allow to

be easily assembled by users with different levels of skill.

Due to these reasons, the usage of high level languages is mandatory and often proposed in more recent works: Fernandez et al.

developed a Matlab-Simulink™ model of an electric power system for tramways [41], Uzunoglu et al. [42] used the Matlab-Simulink™

environment, coupled with the SimPowerSystems™ tool, to analyse the behaviour of a hybrid ultracapacitor system, and Hannan et al.

[43] developed a Matlab-Simulink™ control system for the management of the energy sources in electric vehicles.
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In particular, Pugi [44] and Conti [45] in recent works adopted a modular architecture based on Matlab-Simulink™, which is the current

standard for the simulation of dynamical systems and the prototyping of applications involving control, diagnostic and signal processing.

One of the limits of a pure Matlab-Simulink™ architecture such as that proposed in [44] and [45] is represented by the modelling

compromises that have to be introduced to preserve code modularity and numerical efficiency.

In particular, redundant integrated state are often added to the model in order to reduce algebraic loop or solve implicit algebraic

relationship, with significant losses also in terms of accuracy.

More recent object oriented languages like Modelica™ [19] or Matlab-Simscape™ allow the user to describe the response of a

component in terms of balance equations, following an approach which clearly resemble the Bond-Graph one (approach also followed

by Ramakrishnan et al. [46] for the analysis of the dynamical behaviour of mechatronics systems).

In particular, Matlab-Simscape™ allows the modelling of physical system through a lumped parameters approach, considering the

constitutive equations of each element of the system: while a Matlab-Simulink™ block receives an input and, based on the mathematical

operations implemented within itself, provides an output, a Matlab-Simscape™ block contributes to the complete model through a set
of ordinary or differential equations. The complete system is then solved applying a symbolic approach. The Matlab-Simscape™
environment has a series of built-in physical domain, each containing a large set of the elements usually employed in lumped parameters
modelling. Furthermore, it is possible to develop custom domains and blocks written in the Matlab-Simscape™ programming language.

A Matlab-Simscape™ model handles physical variables, considering also their units of measurement, while a Matlab-Simulink™ model

only handles numerical signals; however the two environments can be completely connected, coupling blocks developed in both ways.

The main advantages of this innovative approach can be summarized as follows:

» Optimization of the number of integrated states: the balance equations of each component are symbolically pre-processed in order
to minimize the number of integrated states, avoiding the usage of redundant auxiliary states; this increases the numerical efficiency
of the model and reduces the memory consumption without losses of accuracy.

* Bidirectional correspondence between the model topology and the modelled physical system: the elements of the model are
implemented in terms of physical balances with respect to an assigned set of variables which depends on the specific definition of
the considered physical domain (e.g. mechanical and electrical). Therefore, a single line graphical link between sub-models is
automatically associated to a bidirectional exchange of variables that reproduces the physical interactions of the modelled physical

network. This feature provides important benefits in terms of modularity, simplicity and ease of use.
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With respect to the current state of the art summarized in the previous paragraphs, in this work the authors propose an innovative

modelling approach useful to deal with the following aspects:

* The application of energy storage systems to high-speed railways.

* The use of the object oriented environment Matlab-Simscape™, with a particular attention to real time implementation and to
distributed computing.

Energy recovery in high-speed trains is a quite new field of analysis, because the advantages deriving from this application are harder

to achieve with respect to light railway systems; the braking frequency and the energy involved in the manoeuvre in high-speed railway

systems are not optimal to use the same solutions found in light railways, hence a deep analysis is needed to fully understand the possible

recovery perspectives. The potential energy recovery in this sector is significant, and an accurate analysis could lead to identify how to

exploit it.

Furthermore, the use of the innovative Matlab-Simscape™ language allows to obtain accurate results with a great numerical efficiency,

providing the possibility to perform a large number of simulations and investigate many different scenarios. This feature is essential to

be able to perform an energetic optimization of the system.

In order to correctly analyse the energetic prospects of the considered railway systems, the proposed model has also been experimentally

validated.

II.  MATERIALS AND METHODS

The developed model is composed of the following sub-systems:

* Dynamical model of the vehicle;

¢ Electrical model of the line;

* Multi-Model Mission Planner for complex line topologies and multi-vehicle simulations.

In the following Sections, the authors will expose the main features of the elements of the proposed model, to highlight the novelty of
the approach and introduce the results obtained with the model. Furthermore, the real operating scenario considered as a test case will

be exposed.



177 A. Dynamical Model of the Vehicle

178 The mechanical behaviour of the train is modelled using a simplified lumped parameters approach [47]. The model is developed using

179 the Matlab-Simulink™ environment coupled with a series of object oriented Matlab-Simscape™ blocks.
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181 Figure 1: Architecture of the vehicle dynamical model.

182 Figure 1 shows the general architecture of the mechanical sub-model: the user can impose a position-based mission profile and, through
183 the comparison with the current velocity of the vehicle, a virtual driver regulates the traction or braking requests. These forces are
184 dynamically applied and properly saturated considering adherence limits. The calculation of the train motion takes into account both
185 traction and braking forces and various resistant loads. Traction and braking forces and the vehicle velocity are then used to calculate
186 the requested or provided power, taking into account a blending strategy chosen by the user and the electrical and mechanical efficiency
187 of the system. This model provides to the electrical part the train position and the electrical traction and braking power; the pneumatic

188  braking power can be used to estimate the wear of the braking system.
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Figure 2: Traction and Braking Performances of ETR 1000 High-speed Train (referred to a 3kV DC line).

The longitudinal dynamics of the vehicle can be analysed according to the following Equation of motion:

md&& T- mgsina - m(a&+ bl c+ d(r)), (1)

where m; is the mass of the vehicle, x is the position of the train within the line, a(x) is the slope of the line, a, b, ¢, d(r) are equivalent
coefficients used to calculate motion resistances as a function of speed (a,b), internal frictions of the train (c¢), and additional resistances
(d(r)) due to curves with radius r(x), and 7 represents the total longitudinal forces applied by traction or braking system.

The maximum longitudinal forces applied in the traction and braking phases are calculated according to tabulated relationships which
depend on the train speed and reproduce the curves reported in Figure 2.

Both traction and braking forces are applied with a smoothed dynamics obtained with a first order filter that reproduces the typical
limitations introduced on both systems to improve the longitudinal comfort of the passengers and protect the train from excessive
mechanical solicitations. The corresponding numerical implementation in terms of gradient/slew rate of both traction and braking forces
is described in Table 1.

Further saturations are introduced in order to reproduce the effect of the limited wheel-rail adhesion along the line; in particular, the

traction force Tr and the braking one 7, which can be exerted as a function of the available adhesion p, are calculated according to

Equations (2) and (3):
TT £ TTmax = kmmgm’ (2)
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The coefficient k., is defined as the ratio between the vertical load on motorized axis and the total weight of the train; for the ETR 1000
the value of this coefficient is about 0.5.

The value of the wheel-rail adhesion u is calculated taking into account the dependency of the available adhesion on the vehicle speed:

m= L 4)

1 + kmuller ‘&mh

where mj, is the static value of the friction factor, which typically varies between 0.35 and 0.4, xggm , 1s the train speed in km/h and

K

wuler 18 @ scaling parameter which ranges between 0.005 and 0.011.
As reported in Figure 3, it should be noticed that the wheel-rail adhesion predicted according to Equation (4) in a speed range between

200 and 350 km/h for a value of K- equal to 0.0065 is quite similar to the available adhesion prescribed by TSI regulations for the

design of braking systems.

0.35
Muller law K, =0.005
Muller law K =0.011
03} muller
Muller law K =0.0065
muller
TSI Limit (Nom. Adhesion Limit TSI)
025
* 0.2
i \
0.1
0.05 I L L I I I
0 50 100 150 200 250 300 350

Speed [km/h]

Figure 3: Wheel-Rail Adhesion as a function of the vehicle speed: comparison between the Muller Model and TSI limits.

Traction and braking manoeuvres are calculated with respect to an assigned speed profile through a PID regulator, which acts on the
difference between the desired velocity and the current train velocity; this regulator has been developed in a previous version of the
model [45]. The proposed control strategy (shown in Figure 4) is quite simple. The speed regulator is used to calculate the traction and

braking forces needed to drive the train respecting the desired speed profile. The desired speed profile could be influenced by the line



222 layout, by the timetable and by the signalling system. The virtual driver should represent the action of the human driver: hence the P.I.D.

223 controller has been developed to act with a low dynamics and to tolerate velocity errors of about 2 m/s.

Desired
e Mission
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Vehicle — Line

Reference
Velocity

Nonlinear .
P.I1.D. |— -|—
Controller
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224

225 Figure 4: Scheme of the virtual driver implemented in the proposed model.

226 This control strategy has been chosen for its simplicity; however, in the future developments of the model, some optimization techniques
227 will be used to improve the efficiency and accuracy of the controller.
228

229 Table 1: Dynamical response of High-speed Trains braking and traction systems.

Braking Application | 4[s] to apply the full braking effort from the

brake released condition

Braking Release 12[s] to completely release the brake from a full

braking condition

Traction Application | 7[s] to apply the full traction effort from a null

traction condition

Traction Release Traction is immediately deactivated without any

appreciable delay

230
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After the calculation of the longitudinal effort 7, it is possible to determine the train speed by integrating its acceleration (calculated
according to Equation (1)); it is then possible to calculate the mechanical power W,, delivered to the vehicle by the traction system as

follows:
W =T8. 5)

During the braking phase, both the traction system and the conventional brake cooperate to dissipate the kinetic energy of the train;
thus, a part of the mechanical power W,, (denoted as W,,;) is dissipated by the pneumatic brake, while the remaining part (denoted as
W.) is converted in electrical power by the traction system itself.

The converted power W, can be dissipated on on-board resistors (dissipative braking) or transferred to be stored or reused (regenerative
braking). The management strategy of the different braking systems during the braking phase is usually called blending (see Leigh [48]
for a review of railway braking systems and their interactions). In this research work, the authors have considered a blending criterion
that in normal operating conditions maximizes W, against W,,;, (according to the maximum performance curves reported in Figure 2).

It is possible to define a conversion efficiency 7, as follows:

w,* 0p hm,—v

h,, (T, 8= h,h i : (6)

W,,<0P A, ——

Equation (6) expresses the proportionality between the mechanical power W,, and the corresponding electrical power W,, which can be
absorbed (traction phase) or regenerated (braking phase) by the traction system. 7, can also be expressed as the product of the
mechanical efficiency of mechanical transmission system #,, and the electrical efficiency 7. of on-board traction equipment. The
efficiency 7 is typically a function of both train speed and delivered traction effort.

In case of regenerative braking, the recovered power W, can be divided in two terms: a first part, denoted as W, is transferred to the
line and a second one, indicated by Wj,, is stored on a possible on-board accumulator (described in Section II.B). In order to simulate
the power consumption of additional on-board auxiliary systems, a further contribution, Wy, must be introduced. The complete power

balance between those contributions due to the different on-board sub-systems is reported in Figure 5 and can be expressed as follows:

W/e:vvaux-i-vvsv-i-vvc' (7)
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Figure 5: Power fluxes involved in the vehicle dynamics, considering the interactions with the electrical line.

It is important to underline that, to properly calculate the power W, collected by the train, it is fundamental to take into account the line
slope o and additional resistance d(r) due to curves (which are defined as tabulated functions of the position x of the train) for each line
section, since the line resistance can provide a significant portion of power losses.

The power W, calculated through this Equation is then used as an input to the line and hence to the stationary energy storage devices

present within the line.
Electrical Model of the Line

Figure 6 shows a scheme of the architecture of the electrical line model: the proposed model has been developed using both standard
and custom Matlab-Simscape™ and includes the contact line, the electrical substations, stationary and on-board storage devices. The
model exchanges with the mechanical part the vehicle power and position.

The considered line is a 3kV DC catenary which is bilaterally fed by two Electrical Sub-Stations (ESSs), modelled as ideal voltage
generators with an equivalent impedance and a diode (to simulate the first quadrant limitation of the system) connected in series; ESSs
are often analysed with similar models in literature works (see the books written by Perticaroli [49] and Zaninelli [50] on railway
electrification systems). In this configuration the sub-station is able to provide only traction power, while a possible recovered braking
power could only be used by another train within the line. This scenario is consistent with the considered test case (see Section I1.D);
however the model is able to represent also the fourth-quadrant behaviour of the line. A simple solution is based on the use of energy
storage devices: the fourth quadrant operation is handled directly by those devices, which can receive the braking energy and provide

part of this power when the same vehicle or another one needs traction power. Furthermore, the fourth quadrant operation can be also
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modelled by using fully reversible substations (see Section III.D), able both to provide and receive energy; this solution has been
considered also by Cornic [51], who analysed the possibility to perform energy recovery through a reversible sub-station.

For the considered application (i.e. a high-speed line), the mean distance between adjacent ESSs is about 15 km, hence the presence of
two trains in the same line section should be considered uncommon, taking into account that the signalling system for a vehicle speed
of about 200-250km/h imposes a minimal distance of 5400 m from the nearest protected point. Furthermore, in order to fully exploit its
maximum speed (up to 360km/h for the considered test case), the safety distance between the train and a protected point should be at
least twice or even three times the minimal value because the braking distances are roughly proportional to the squared value of the

vehicle speed.

X |
Inl InZ
—— Pl PZ —
Isl 11 ]2 ISZ
I (161
Energy | storage Energy
Storage Storage

‘r,:‘

Figure 6: Architecture of the electrical line model, including stationary and on-board energy storage devices.

The power W,, collected by the train in correspondence of the pantograph and hence calculated by the vehicle sub-model described in
the previous Section, is provided as an input to the electrical model of the line. Figure 6 shows the architecture of the feeding line in a
generic instant of the train operation while Figure 7 shows the model couplings during regenerative braking: the power provided by the

train can be received by stationary or on-board energy storage devices.
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Figure 7: Architecture of the electrical part of the model during regenerative braking.

In order to couple the mechanical and the electrical parts, it has been necessary to introduce a delay in the variable exchange between
the vehicle dynamics and the feeding line. However, since the goal of the proposed model is the analysis of the train energy consumption,
it is not necessary to examine the high frequency components and the various harmonics present within the line. Hence, the presence of
a time delay (needed for the model coupling), has no influence on the analysis and does not destabilize the system because the time
scale considered in the simulations are much higher than the considered delay. The integration time step used is about 5 seconds.

The vehicle virtually divides each line section in two parts, whose impedance values depend on the train position; the equivalent
resistances R; and R; of those catenary sections are calculated as a function of the train position x with respect to the distance / between

adjacent sub-stations, according to Equations (8) and (9):

R = (- &R, ®)
R2 = dXRrot ’ (9)
d= Pz; x, (10)

where P, is the position of the next substation and Ry is the resistance of the complete line section included between the two considered

substations.
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Figure 8: Scheme of the energy storage device model.

The most common stationary energy storage devices are batteries and supercapacitors: in this research work, the authors have chosen a
basic modelling approach suitable for both the systems. The proposed energy storage device model (shown in Figure 8) is a load
connected in parallel to the ESSs and includes an ideal voltage generator, a resistance in parallel with the voltage source to simulate the
device transient discharge and finally a resistance in series.

This quite simple modelling approach allows to correctly simulate the behaviour of batteries and supercapacitors while requiring only
a limited set of parameters to work. Furthermore, this energy storage device, thanks to the characteristics of the object oriented language
used for the development of the model, can be easily connected or disconnected to ESSs, providing the possibility to simulate a large
number of operating scenarios and to optimize the distribution of the devices themselves with respect to the energetic efficiency of the
system. Finally, this simple model can be used also to represent a capacitor employed as an on-board storage device (useful in tramways
and light railways or to cut down voltage peaks during regenerative braking). This modelling approach can be extended to the
approximated modelling of complex energy storage systems in which the accumulator is coupled to the line through a two quadrant
converter like the one reported in Figure 9.

Furthermore, in order to be able to investigate more deeply the specific physical behaviour of the storage devices, the authors have also
started to develop a more complex battery model.

The architecture of the battery model is shown in Figure 10: in this specific model the resistance Rgs is substituted by the series of a
resistance Ry and a parallel between a further resistance R; and a capacitor C. These further elements allows to better analyse the transient

behaviour of the device (while the resistance R, takes into account self- discharge phenomena). The voltage of the ideal voltage generator
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is calculated through the estimation of the battery S.O.C.: the value E of the no load tension of the storage system is a tabulated function
of the energy storage device current I, and of the state of charge of the device. The S.O.C. is an auxiliary state used to characterize the

storage device and can be defined as follows:

(1, 500)1,

S.0.C.= (11)

max

where A, is the efficiency of the device, i.e. a tabulated function of both Z,, and S.0.C., and Ey is the maximum stored energy. Different

kind of accumulators can be easily represented and their internal losses can be analysed in terms of impedances or efficiency h[ .

Line

o

Energy
Storage
System

L 1

Figure 9: Scheme of an energy storage device connected to the line through a two quadrant converter.

The authors chose to investigate the behaviour of Li-ion batteries, which could better suit to the needs of railway systems. The battery
size has been determined starting from a reference Li-ion cell with a nominal voltage equal to 3.7 V and a nominal capacity of 53 Ah.
In order to reach the line voltage, the entire battery includes stacks of 1000 cells connected in series (considering an intermediate value
of the S.0.C.); 4 stacks are then connected in parallel to obtain the desired capacity. In particular, the capacity of the entire battery, in
order to assure a long life to the device, has been determined considering the maximum recovered braking energy (or the maximum

provided traction energy) to be about 5-10% of the full battery capacity.
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Figure 10: Scheme of the battery model, including the S.0.C. calculation.

Figure 11 and Figure 12show respectively the charge and discharge behaviour of a battery with the previously exposed characteristics.
The discharge behaviour shown in Figure 12 highlights the voltage variation as a function of the S.O.C.: the trend is quite steep, however,
considering the small percentage of energy represented by a braking manoeuvre with respect to the entire battery capacity, the voltage
variations about the nominal value can be considered acceptable. In this operating range the current is constant during the charge phase.

These results have been obtained simulating the behaviour of the battery connected with a load (i.e. a current generator in the charge

phase and a resistance in the discharge phase).
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Figure 11: Battery charge behaviour.
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Figure 12: Battery discharge behaviour.

In order to obtain realistic results concerning the battery behaviour within the line, a good approach to connect this battery model to the
proposed coupled model is to use an initial S.O.C. equal to about 50%, to work within the nominal range of the battery even with the
maximum possible depth of discharge due to the passage of an accelerating train.

Currently the State Of Health (S.0.H.) of the battery is not taken into account; each battery is considered fresh. This is due to the large
number of data needed to correctly model battery aging. Furthermore, the life expected from the batteries sized as previously exposed
is about ten years; hence, for the analysis of the possible savings due to train regenerative braking, it is not fundamental to consider this
aspect. However, in order to analyse the use within a railway system of second-hand batteries (e.g. recovered from electric cars), in a
future release of the model the estimation of the S.O.H. will be implemented.

In this research work this quite complex battery model has not been used yet; in fact the authors have preferred to start their analyses
considering a simplified scenario.

Complex topology lines with more than a single section, like the one shown in Figure 13, can be easily assembled because it is possible
to connect to line nodes additional loads or section lines (corresponding to the external currents /,; and I, shown in Figure 6).

By solving the electrical network it is possible to calculate the train collected current /. and all the other currents involved in the operation

of the line sub-components.

. Multi-Model Mission Planner

As reported in the example shown in Figure 13, it is possible to assemble models considering even more than one traveling train on the

line. The authors have developed a GUI (Graphical User Interface) to facilitate the assembly of complex topology system; this GUI is



364 denoted ad Multi-Model Mission Planner. Through the Multi-Model Mission Planner it is possible to associate to each train model a
365 pattern corresponding to the train mission; in particular, the mission profile is defined by the variables #.f, Xrs, and pr.s described in
366 Table 2.

367 The Multi-Model Mission Planner is able to switch the loads corresponding to different traveling trains along the line according to a

368 precise timeline imposed by the user.

369

370 Figure 13: Example of complex line topology: the presence of intersections and multiple vehicles increases the complexity of the system but also the
371 possibilities in terms of energy optimization.
372

373 Table 2: Variables needed by Multi-Model Mission Planner.

tref Time sequence associated with mission events.

Xref Sequence of the longitudinal positions of the train along the line defined with respect to the time vector #. From X, it is also possible to calculate

the desired speed profile for the vehicle and the arrival and departure times from simulated stations

Pref Sequence of sections that the train should occupy during the missions; it is fundamental to simulate switches and complex topologies.

374

375 D. Considered Test Case: ETR 1000 on the Firenze-Roma Line

376 In this research work, the authors consider, for the validation of the proposed model, a high-speed train with the characteristics of the
377 ETR 1000, the last high-speed train developed for Trenitalia by Bombardier and AnsaldoBreda (AnsaldoBreda Group has now been
378 purchased by Hitachi).

379 The main technical features of the considered train are listed in Table 3; the vehicle has a distributed traction system, shown in Figure

380 14, whose traction and braking performances are shown in Figure 2 (real operating scenario).
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Currently the ETR 1000 is in a preliminary homologation and testing phase, so the data described in this paper, which are mainly
referred to the preliminary presentations of the train (see the technical specifications of the train [52] and the paper by Gherardi and
Vannelli [53], who analysed interoperability issues between European High-speed trains) could be subjected to slight modifications due
to the final calibration and optimization of on board systems. The most interesting reference is represented by the proceedings of a CIFI
(acronym for Collegio degli Ingegneri Ferroviari Italiani) Symposium [54], a conference where the participation of many train suppliers
made possible a deeper insight on train functionalities and performances.

Table 3: Main features of the train of the ETR1000 High-speed Train.

Total Seats About 470

Carbody Construction Aluminium Alloy

Train Mass 500 [t]

Train length 202 [m]

Axle Load 17 [t]

Gauge Standard 1435 [mm]

Rotating Inertia respect to train mass 4 %

‘Wheel diameter 920 [mm]

UIC classification Bo'Bo'+22'+Bo’Bo'+2"2' +22'+Bo'Bo'+2"2'+Bo'Bo’

Motorized Weight Fraction 0.5 [-]

Traction system Water-cooled IGBT Converters and Asynchronous AC Traction Motors

Supported Electrification Standards 25kV 50 Hz, 15kV 16.7 Hz, 3 kV DC, 1.5 kV DC

Nominal Power 9.8 [MW]

Max Tractive Effort (standstill) 370 [kN]

Nominal Speed 75 [km/h]

Max Speed (design) 400 [km/h]

Max Speed (commercial) 360 [km/h]

Acceleration / Dec. Performances 0.7 [ms™] (acc.) / 1.2 [ms?] (dec.)

Braking system Electro-Pneumatic, Electric Braking (both regenerative or dissipative),
Magnetic Track Brake

Brake Pad Consumption 0.1-0.2 [cm*/MJ] (depending on installed brake pad and demanded brake
power)
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The ETR 1000 is designed to operate under different electrification standards: thus it is able to respect interoperability standards among
the most important railway networks of western Europe.

In particular, in this research work the authors consider the operation of the ETR 1000 within the 3kV DC Firenze-Roma line (usually
denoted as “Direttissima’), which is the oldest and perhaps more important high-speed line of the Italian network. Figure 15 and Table

4 show the main electrical features of the considered line.

20 e e e e

® Motorized ™ Magnetic I sanding
wheelset Track Brake Equipment

Figure 14: Distributed traction and braking systems of the ETR 1000 High-speed Train.

The ETR 1000 traction system can be used in a regenerative braking configuration; however, the energy recovery is currently limited
by the availability of a load along the electrical line. In fact, the Electrical Sub-Stations currently installed along the “Direttissima” line
are designed to operate only in the first quadrant: they are not fully reversible substations and there are no stationary energy storage
devices within the line. Furthermore, in order to protect the line from potentially harmful overvoltage, the train switch from regenerative

to dissipative braking if the line overvoltage exceeds a value of about 3900 V.

Figure 15: Catenary of the Firenze-Roma “Direttissima” High-speed Line.

In this work, the authors investigate the feasibility and the potential advantages of the application of energy storage technologies to

high-speed trains, to understand how to fully exploit the regenerative braking capabilities of those trains. The considered high-speed
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test case has been used both for the experimental validation of the proposed modelling approach and for the energy recovery feasibility

analysis.

Table 4: Main (approximated) electrical features of the “Direttissima” High-speed Line.

Line Impedance (7 ) About 0.05 [Ohm/km]
ESS No Load Voltage 3700 [V]

ESS EQ. Impedance About 0,09 [Ohm]
Mean Distance between ESSs 14.7 [km]

Min Distance between ESSs 12 [km]

Max Distance between ESSs 16.8 [km]

II.  RESULTS AND DISCUSSION

ETR 1000 is a relatively new project and currently represents one of the most relevant investment performed by the Italian railways.
During the drawing up of this research work, the train was still performing its preliminary experimental activities on Italian high-speed
lines; consequently, it was hard to find available data for the validation of the model. The data available for the preliminary validation
of the proposed model were referred to a specific manoeuvre performed during the train homologation phase: during the preliminary
homologation process the train has been subjected also to experimental tests concerning high frequency measurements of collected
currents and voltages (the frequency ranges from 20 kHz to 200 kHz). These tests were not performed to evaluate the train efficiency;
their goal is the evaluation of the harmonic contents of collected currents and voltages: this analysis is useful to understand various
problems related to train power collection and concerning power drives, on-board filters and the quality of pantograph current collection.
In order to make those data usable for their scientific purposes, the authors have filtered and down-sampled them to obtain smooth
profiles useful for their analysis but with almost no industrial interest, since the information about high frequency behaviour is
completely lost (the authors considered a maximum sampling frequency of 10 Hz).

The authors aim to prove the accuracy of the results provided by the proposed model and its ability to reproduce a real high-speed
operating scenario through the comparison with those data and not to perform an exact evaluation of the parameters needed to set the

wage that the vehicle must pay to use the feeding line.
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In this Section, for the experimental validation of the proposed coupled vehicle-line model, the authors used a set of experimental data
concerning a specific traction manoeuvre of the ETR 1000 on the high-speed line Roma-Firenze, from standstill to a speed equal to 250
km/h. The manoeuvre is performed applying the maximum traction effort corresponding to the curves shown in Figure 2. Figure 16
shows the comparison between the measured vehicle speed profile and that obtained with proposed model: it is possible to verify that
the main parameters considered in the model concerning traction performances, inertia and motion resistances were substantially correct.
In particular, the numerical and experimental speed profiles above 110 km/h are almost identical (with negligible errors both in terms
of speed and acceleration). Below 110 km/h there are some differences between the two profiles; in particular, the real train exhibits
higher performances. This error has to be carefully evaluated considering real adhesion conditions and axles skidding phenomena. Axle
skidding phenomenon is strictly connected to the adherence of the track: during the traction phase it is identified as slipping, while
during the braking phase it is denoted as sliding. In both cases the phenomenon is due to a difference between the wheelset velocity and
the speed of the vehicle itself (e.g. the wheel locking during braking) and it leads to a vehicle skidding. Axle skidding can be dangerous
in terms of safety; furthermore, it is important to avoid it in order to prevent excessive wheel and track wear. Train traction performances
used in the proposed model are perhaps a bit lower than the real ones since they are referred to a continuous guaranteed performance;
at the same time, it should be noticed that maximum performances near to standstill conditions involve the availability of an adhesion
which is higher than 0.15, which is the limit usually adopted for the design of braking systems according to TSI standards. TSI limits
are cautious because they are referred to the braking sub-system, which is quite safe relevant. However, considering the Muller adhesion
model shown in Figure 3Errore. L'origine riferimento non é stata trovata., it has to be observed that with a vehicle speed above 85
km/h the maximum expected adhesion limit is lower than 0.25. Consequently, in the speed range between 80 and 120 km/h there is a
high statistical occurrence of skidding. As a matter of fact, during the experimental tests some skidding occurs in this speed range,
confirming that the maximum performances of the system are a bit higher than those assumed within the proposed model but they
cannot be fully reached in the most common operating conditions without causing the intervention of anti-skidding systems. The
implementation of an anti-skidding sub-model in the proposed model could allow to better represent the train behaviour observed
experimentally during the complete traction phase.

The aim of this first comparison is to validate the proposed model in a real operating scenario, to verify its reliability before using it to
analyse the feasibility of energy recovery systems within the system.

In particular, the authors focused their attention on the calibration of the set of parameters described in Table 5, which were affected by

larger uncertainties.
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However, it is important to notice that the uncertainties on these quantities have almost no influence on the controller used to drive the
vehicle. This is due to the need to represent the behaviour of the human driver: the velocity errors are higher and the dynamics of the
intervention are slower than those of an automatic driver. Hence, in terms of controller effectiveness, the uncertainty on the model

parameters are almost completely compensated by the approximation of the controller itself.
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Figure 16: Comparison between a real traction manoeuvre on the Firenze-Roma High-speed Line and the corresponding numerical results obtained

with the proposed model.

Table 5: Model uncertain parameters that should be further identified and refined.

Uncertain Parameter Reason/comments

Train efficiency #; This parameter is affected by heavy uncertainties concerning both the mechanical efficiency #,, of the transmission system

and the electrical one 7.. In addition, the heavy uncertainties on motion resistances can be partially compensated adjusting #;.

Pos. of power | The positions of power stations are well known but the positions of the electrical connections along the line are affected by
connections along the | errors of about 50m.

line [

ESSs  voltage and | These parameters have to be further investigated.

impedance V), Ry

Equivalent resistivity of | This parameter has to be further investigated.

the line p
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The comparison between the experimental and numerical power consumption can be analysed in Figure 17. The test begins with a phase
in which the train is stopped and its motors are not working. In this phase, which corresponds to the first 10 seconds of the experimental
record, it is possible to measure the small power flux that must to be collected from the line to feed all the auxiliary systems of the train.
It is not a very accurate measurement; however, a constant power W, equal to about 230 kW seems to be a realistic approximation,
because it is corresponds to a mean consumption of about 23 kW for each wagon. This power flux is needed for the operation of air
conditioning, lights, and every on-board sub-system such as compressors for pneumatic brakes and battery chargers.

Furthermore, by comparing the collected power W. provided by the proposed model with that experimentally measured, it is possible
to perform a calibration of the train global efficiency #;; the results of this preliminary calibration are reported in Table 6. Within the
proposed model, #; is taken into account after the dynamical analysis of the vehicle, in correspondence of the power consumption
calculation: this value of W, takes into account both the chosen blending strategy and the system global efficiency. Considering that the
dynamical part of the model produces results in good agreement with the experimental measurements (e.g. in terms of velocity profile,
see Figure 16), and that there is no blending since the considered manoeuvre includes only a traction phase, all the possible errors in
terms of power consumption can be attributed to the erroneous value of the global efficiency. Then, the comparison between
experimental and numerical W, allows to tune the value of #;,. In the proposed model, due to lack of more detailed experimental
measurements, 7, is assumed to depend only on the vehicle speed, neglecting the dependency on the traction effort. However, it should
be noticed that the mechanical efficiency of the transmission systems typically increases as the transmitted power increases while the
efficiency of power electronics components is typically higher for partial loads. Consequently, the mutual compensations of these
phenomena should produce a reduced fluctuation of the global efficiency around its most common value, which is about 0.84.

Finally, it is possible to highlight that the efficiency value equal to 0.82 calculated in the speed range between 40 and 120 km/h is a bit
low due to the axle skidding phenomenon: in fact it produces rapid transients and hysteretic load cycles which penalize the global

efficiency of the system.
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Figure 17: Comparison between the experimental power consumption W, during the traction phase and the corresponding numerical values obtained

Table 6: Preliminary calculation of the global efficiency n: with 100% of the traction effort applied.

Speed Range Global efficiency n: at
100% of the traction effort

0-36 [km/h] From 0.8 to 0.82

36-54 [knv/h] 0.82

54-126 [knvh] From 0.82 to 0.86

126-162 [km/h] 0.86

162-180 [km/h] From 0.86 to 0.85

180-236 [km/h] 0.85

236-350 [km/h] From 0.85 to 0.83

After a preliminary evaluation of the traction system efficiency, it is possible to refine some parameters related to the electrical line.
This analysis concerns the identification of the position, the no-load voltage and the equivalent impedance of the power stations within

the line starting from the measurements of the voltage V. in correspondence of the pantograph, which are reported in Figure 18.
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Figure 18: Comparison between the line voltage V. experimentally measured at the pantograph during the traction phase and the corresponding

numerical values obtained with the proposed model.

In particular, it is possible to calculate and verify the value of the sub-stations no-load voltage Vy by considering the measured voltage
in correspondence of the standstill condition: in this case the collected power is small and causes negligible losses; hence the measured
voltage in correspondence of the pantograph can be assumed to be equal to V.

Furthermore, the position of the power connection can be refined (within the data uncertainty of about 50 m) considering that the passage
under a power connection in a constant power operating condition (see Figure 17Figure ) produces a peak in the pantograph measured
voltage V. (shown in Figure 18). In this case, almost all the power needed by the train is collected locally. Consequently, the line circuit
behaviour can be analysed through Equation (12) and the linearized equivalent impedance of the electrical sub-station Ry can be

estimated as follows:

V.=V,- R P R():M_ (12)

c

. Identification and validation of Line Impedance

Figure 18 and Figure 19 show respectively the comparisons between the measured and numerical pantograph voltage V. and collected
current /.. Comparing numerical and experimental results it is possible to adjust the value of the line equivalent resistivity p

compensating the tolerances and approximations on data (typically no more than 5-10%).
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It is possible to highlight how the matching between simulated results and experimental measurements is quite good even considering
the simplicity of the proposed model, the tolerances on several parameters and unavailability of further experimental data. In particular,
higher errors can be found in the zone where the train speed is lower; however, due to the presence of axle skidding in the experimental

measurements, it is difficult to further refine those results without any other data sets.
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Figure 19: Comparison between the collected current 1. experimentally measured at the pantograph during the traction phase and the corresponding

numerical values obtained with the proposed model.

Feasibility of the Application of Energy Storage Systems to a High-speed Train

After the model experimental validation, the authors performed a set of simulations in order to investigate the feasibility of energy
storage systems within the considered high-speed railway application. The proposed model has been used to analyse a series of different
operating scenarios, all of them considering the same line (i.e. the “Direttissima” Firenze-Roma). The velocity profile considered for
this feasibility analysis includes a first acceleration (applying the maximum traction effort) from standstill to 70 m/s, a constant speed
phase and a final braking (considering, as a blending strategy, the maximization of the electrical converted power). In this operating
scenario, the peak power involved in the braking phase is about 4-5 MW.

A previous analysis performed by the authors showed that, for high-speed railway application, the use of on-board storage devices is

not useful: in fact, since the braking frequency is low but the involved energies are relatively high, the storage device should quite big
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to be able to manage it, hence it would strongly affects the train loading capacity. Thus, in this research paper, only the results referred

to the use of stationary storage devices are shown.

Figure 20: Scheme of the fully reversible sub-station.

Feasibility analysis

Since the results obtained through the simulation of the proposed model could be influenced by the particular behaviour or features of
the considered energy storage device, the authors preferred to refer the numerical results to an ideal configuration in which the storage
device has a near to infinite capacity (E=const) and its no-load voltage is equal to Vy (i.e. no unbalance with respect to ESSs). As a
further simplifying hypothesis it has been assumed that the equivalent impedances of both the ESSs and the coupled energy storage
devices are equal to Ry. Under these hypotheses, the coupled ESS-energy storage device system is equivalent to the fully reversible
substation shown in Figure 20.

This approach has been adopted in order to easily evaluate the performance of the system regardless of the constraints dependent on the
storage technology. Figure 21, Figure 22 and Figure 23 show the main quantities considered in this analysis; the results shown in those
Figures are all referred to scenarios where the braking manoeuvre starts at midspan between two adjacent ESSs, while the influence of
the braking position is reported in Figure 24.

Figure 21 shows the energy fluxes involved in the train braking phase as functions of the braking request, which can be defined as

follows:

TB ,desired

Braking request = ————, (13)

B, nom
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where Tp wom is the braking effort calculated according to the train performance characteristics (see Figure 2Figure ).
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Figure 21: Energy percentages involved in the train braking phase (measured at the pantograph) as a function of the braking effort percentage, without

voltage limitations.

By varying the braking request it is possible to vary the percentage of recovered energy since a higher braking request could saturate

the braking effort and hence the braking energy.
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Figure 22: Braking distance as a function of the braking effort percentage, without voltage limitations.

The recovered energy shows a maximum in correspondence of a 20% braking request; however, this low value of the braking request
involves that the braking distance and the braking time (respectively reported in Figure 22 and Figure 23) are quite high, beyond the

acceptable limits usually considered in high-speed applications. A good operating condition could be represented by the 50% braking



555 request, where about 30% of the braking energy can be recovered but the braking time and distance are acceptable. The braking energy

556 dissipated on the on-board resistors is constantly 0 % since no voltage limiter is included in this first analysis.
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558 Figure 23: Braking time as a function of the braking effort percentage, without voltage limitations.

559 Figure 24 shows the voltage peak due to regenerative braking, as a function of the braking request and of the position between two
560 adjacent Electrical Sub-Stations where the train begins the braking manoeuvre. According to Figure 6, the braking position between

561 ESSs can be defined as follows:
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564 Figure 24: Line voltage peak during the braking phase as a function of the braking effort percentage and of the braking position between two adjacent

565 Electrical Sub-Stations, without voltage limitations.
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It is possible to highlight how the voltage peak, after a strong initial increase, is almost constant (or even decreasing) after the 20%
braking request. On the contrary, the position where the braking phase begins has a significant influence on the voltage peak: it is
possible to highlight how a braking manoeuvre that begins near a sub-station leads to lower voltage peaks on the line. This analysis
could then be refined considering that usually trains are equipped with a proper device that cuts off regenerative braking (i.e. activates
dissipative braking) if the voltage exceeds a certain value, which is about 3900 V; however, even this first analysis provides realistic

results since the voltage peaks are not significantly higher with respect to the 3900 V limit.
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Figure 25: Energy percentages involved in the train braking phase (measured at the pantograph) as a function of the braking effort percentage, voltage

peak limited to 3900 V.

Figure 25 and Figure 26 show the results obtained in terms of energy fluxes and voltage peaks using a voltage limiter (considering a
limit value equal to 3900 V) during the braking phases. Figure 25 is essentially equal to Figure 21, since the voltage peak values obtained
in absence of the voltage limiter were not significantly higher than the considered limit. However, it is possible to highlight how a small

percentage of energy is dissipated on on-board resistors.
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Figure 26: Line voltage peak during the braking phase as a function of the braking effort percentage and of the braking position between two adjacent

Electrical Sub-Stations, voltage peak limited to 3900 V.

Figure 26 allows highlighting the small difference between the two scenarios: in fact the voltage peaks are saturated to the limit value
for most of the braking position values. The voltage peaks, analogously to those obtained in absence of voltage limiter, are below the

limit only in proximity of the ESSs, where the storage device is able to completely handle the energy peak provided in correspondence

of the braking phase.

Finally, as reported in Table 7 together with characteristics of the computer used for the simulations, the proposed model proved to be
highly efficient from the computational point of view: the simulation of the traction manoeuvre used for the validation requires only 1

second of computational time, while a simulation of the complete line (250 km) requires 5 seconds.

Table 7: Machine features and computational times.

CPU Intel CORE i7
Clock frequency 2.30 GHz
RAM memory 8 Gb

Operative system

Windows 10 — 64 bit

machine time [s]

time to be simulated [s]

40 *
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IV. CONCLUSIONS

The ever increasing attention to the environment and to pollution problems connected with transportations is pushing towards the
achievement of higher energetic efficiency in all the transport sectors. Railway is currently in a favourable position but in order to
preserve its competitiveness, it is fundamental to further optimize the energetic efficiency in the entire railway sector. One of the possible
way to reach this goal is the use of energy recovery systems, in order to regenerate the kinetic energy of the vehicle that otherwise is
dissipated during the braking phases.

Energy recovery systems have been widely analysed considering their application in the light railway field; however, the possibility to
apply energy recovery in high-speed train is a quite new research field. High-speed railway has different needs with respect to light
railway; hence it is necessary to understand which practical solution could fit the energetic characteristics of the considered application.
In this paper the authors developed a model for the analysis of the interactions between the vehicle longitudinal dynamics and the
electrical line which can be used to analyse the effects due to the introduction in the system of stationary or on-board energy storage
devices.

The model has been validated considering a set of experimental data referred to a traction manoeuvre of the Italian ETR 1000 in the
Firenze-Roma line. The results obtained with the proposed model, which has been developed using an innovative object oriented
language, proved to be really accurate; furthermore, the computational efficiency of the model is extremely high since it allows to
analyse train operation in a line of about 250 km in a few seconds of simulation time. After the validation the model has been used in
order to analyse the feasibility of energy storage systems in a high-speed railway application. From this analysis, the authors have found
that the use of stationary energy storage devices, located in correspondence of the Electrical Sub-Stations, could allow significant
savings even in a high-speed system, where the braking frequency is quite low: considering an acceptable braking request it is possible
to recover almost one third of the energy involved in the train braking phase. Nowadays those results are widely acknowledged by
professional operators of the sector.

This research activity will continue in order to improve both the model itself and the simulated scenarios: a more sophisticated
management of the energy storage systems through power converters will be introduced and more complex scenarios involving multiple

vehicles travelling on the same line will be analysed.
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